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3.	 We	 assessed	 population	 genetic	 structure	 and	 parasite	 communities	 over	 four	
years.	In	a	set	of	controlled	experimental	 infections,	we	compared	parasite	sus-











stream	migrants	were	 less	 infected	 than	downstream	residents.	Thus,	migrants	
coming	from	a	parasite‐free	environment	may	enjoy	an	initial	fitness	advantage,	
but	their	descendants	seem	likely	to	suffer	from	higher	parasite	loads.
5.	 Our	 results	 suggest	 that	 adaptation	 to	 distinct	 parasite	 communities	 can	 influ-
ence	stickleback	invasion	success	and	may	represent	a	barrier	to	gene	flow,	even	
between	close	and	connected	populations.
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1  | INTRODUC TION








tive	mating	 and	hybrid	 inviability	or	 inferiority	 (Lenormand,	2002;	
Nosil,	Vines,	&	Funk,	2005;	Rundle	&	Nosil,	2005).	Evaluating	which	
ecological	 factors	 limit	 gene	 flow	 and	 contribute	 to	 reproductive	
isolation	 between	 diverging	 habitats	 can	 shed	 light	 onto	 the	 eco-
logical	speciation	process	(Nosil	et	al.,	2005;	Rundle	&	Nosil,	2005),	
and	 growing	 evidence	 indicates	 that,	 aside	 from	 specialization	 on	





Parasite	 infections	exert	 a	 strong	but	heterogeneously	distrib-





(Lochmiller	&	Deerenberg,	 2000;	 Schmid‐Hempel,	 2003).	 Further,	
indirect	costs	are	linked	to	immunopathology	(e.g.	oxidative	stress)	




&	Byers,	 2017).	 Thus,	 host	 immunocompetence,	 that	 is	 the	 ability	
to	 overcome	 or	 cope	with	 potential	 parasite	 infections,	 may	 vary	
through	 local	 adaptation	 and	 influence	 the	 success	 of	 migrants	











barriers	 by	 decreasing	 migration	 success	 and	 gene	 flow	 between	
neighbouring	 populations	 (Eizaguirre	 et	 al.,	 2011;	 Feulner	 et	 al.,	
2015;	Kaufmann	et	 al.,	 2017;	MacColl	&	Chapman,	2010;	Reusch,	
Wegner,	et	al.,	2001b;	Scharsack,	Kalbe,	Harrod,	&	Rauch,	2007a).
Here,	 we	 focused	 on	 a	 lake–river	 system	 in	which	 a	waterfall	






would	 lead	 to	 low	 host	 immunocompetence,	 which	 would	 subse-
quently	result	in	higher	infection	levels	in	migrants	moving	into	the	







over	 time;	and	 (c)	whether	 the	upstream	population	differed	 in	 its	
resistance	to	parasite	infections.
2  | MATERIAL S AND METHODS
2.1 | Field sampling and parasite screening
Over	 four	 years	 (2009,	 2010,	 2012	 and	 2013)	 in	 September,	 we	
sampled	 three‐spined	 sticklebacks	 from	 the	 lake	 Skogseidvatnet	
and	 its	 headwater	 the	 river	 Orraelva	 (Hordaland,	 Fusa,	 Norway,	
60°14′38″N,	 05°54′51″E;	 Figure	 S1).	 A	 six‐metre	 waterfall	 at	 ap-
proximately	1.5	km	upstream	of	the	lake	creates	a	natural	barrier	to	
migration	from	the	lake	up	the	river.	We	characterized	three	distinct	
sampling	 sites:	 the	 river	 above	 the	waterfall	 (RA),	 the	 river	 below	
the	waterfall	(RB)	and	the	lake	(L).	Each	year,	sticklebacks	(1+	years	
old)	were	caught	with	unbaited	minnow	traps	or	dipnets,	killed	with	
an	 overdose	 of	 MS222	 (tricaine	 methanesulfonate,	 1	 mg/ml)	 and	
sampled	for	DNA.	We	dissected	a	subset	of	the	captured	fish;	most	
fish	were	dissected	shortly	after	capture	in	Norway,	but	some	were	























2.3 | Population genetic diversity, 
differentiation and Bayesian structure
We	assessed	genetic	diversity	and	differentiation	between	sampling	
sites	for	each	sampling	year	by	calculating	the	number	of	alleles	per	
locus (A),	 allelic	 richness	 (AR;	 allel.rich	 function,	 PopGenReport	 li-
brary in r;	Adamack	&	Gruber,	2014),	observed	heterozygosity	(Ho),	
expected	heterozygosity	(Hs) and pairwise Fst	values	using	arlequin 
3.5	 (Excoffier	&	Lischer,	2010),	 and	 identified	private	alleles	using	
convert	 1.31	 (Glaubitz,	 2004).	We	 tested	 all	microsatellite	 loci	 for	
neutrality	 within	 each	 sampling	 site	 using	 default	 parameters	 on	
LOSITAN	(Antao,	Lopes,	Lopes,	Beja‐Pereira,	&	Luikart,	2008),	and	
for	 deviations	 from	 Hardy–Weinberg	 equilibrium	 and	 linkage	 dis-
equilibrium	 at	 each	 sampling	 site	 for	 each	 year	 using	 genepop 4.2 
on	the	Web	 (Rousset,	2008).	We	performed	genetic	clustering	 for	
each	 survey	 year	 independently	 and	 for	 all	 years	 combined	 using	




year).	 Results	 were	 retrieved	 using	 structure	 HARVESTER	 (Earl	 &	
VonHoldt,	2012),	clumpp	1.1.2	 (Jakobsson	&	Rosenberg,	2007)	and	
distruct	(Rosenberg,	2003).	We	used	geneclass2	(Piry	et	al.,	2004)	to	
detect	 putative	 first‐generation	migrants.	We	used	newhybrids 1.0 
(Anderson	&	Thompson,	2002)	to	assess	admixture	by	assigning	in-
dividuals	 to	six	hybrid	or	parental	categories:	pure	upstream,	pure	
downstream,	 F1,	 F2	 and	both	 backcrosses.	 The	 individual‐specific	
option	 (z)	was	 used	 to	 specify	 that	 individuals	 sampled	 in	 the	 RA	
sampling	 site	were	 of	 pure	 upstream	genotype.	We	 estimated	 re-
cent	migration	rates	with	bayesass	 (Wilson	&	Rannala,	2003),	using	
adjusted	mixing	parameters	(migration	rate	prior	m	=	0.05,	inbreed-












LxRA,	 respectively).	 In	 separate	 experiments,	 these	 fish	 were	 ex-
posed	to	two	flatworm	parasites,	a	generalist	trematode	and	a	spe-
cialist	cestode.






&	 Chappell,	 1991).	 The	 number	 of	 metacercariae	 in	 the	 eye	 lens	
serves	 as	 a	 proxy	 for	 the	 innate	 immunity	 efficacy	 (Scharsack	 &	
Kalbe,	2014).	For	each	RAxRA,	LxL,	RAxL	and	LxRA	fish	family,	9–18	
fish	 were	 individually	 exposed	 to	 100	 cercariae	 pooled	 from	 five	















spined	 sticklebacks	 in	 Lake	 Skogseidvatnet	 to	 produce	 three	 in-
dependent	S. solidus	 laboratory‐bred	 families	 in	an	 in	vitro	system	








family	were	 handled	 similarly	 to	 exposed	 fish	 but	 not	 fed	 any	 in-
fected	copepod	(Table	S4).	In	this	experiment,	we	only	used	pure	RA	
and	 L	 fish,	 as	 there	were	 insufficient	 numbers	 of	RAxL	 and	 LxRA	
hybrids	for	infection.	At	8	weeks	post‐exposure,	fish	were	killed	with	
an	overdose	of	MS222	and	dissected.	The	 recovered	worms	were	
weighed.	 Plerocercoid	 weight	 relative	 to	 fish	 somatic	 weight	 was	
used	as	a	measure	of	S. solidus	virulence	and	host	adaptive	immunity	
efficacy	(Kurtz	et	al.,	2004).




















compare	 river	 and	 lake	 fish,	 as	well	 as	 those	 above	and	below	 the	
waterfall),	 the	 interaction	 between	 site	 and	 year	 (to	 test	 whether	
site	differences	are	 stable)	 and	 fish	genotype	 (to	examine	whether	
migrants	have	more	parasites	 than	 residents).	Genotypes	were	de-
termined	in	the	population	genetic	analyses	(see	Sections	3.1–3.3.),	
and	 three	 clusters	 were	 defined:	 upstream,	 downstream	 and	 ad-













modelled	 with	 negative	 binomial	 regressions	 (manyglm	 function,	




was	 used	 except	 that	 the	 initial	models	 included	 a	 size	 covariate.	
In	 the	 case	of	 fish	 somatic	weight	 (excludes	 gonads	 and	S. solidus 
weights),	 the	covariate	was	 fish	 standard	 length,	while	 for	organs,	








In	 the	D. pseudospathaceum	 experiment,	we	 compared	 parasite	
abundance	 between	 river	 (RAxRA),	 lake	 (LxL)	 and	 hybrid	 (RAxL,	
LxRA)	fish.	We	used	a	generalized	mixed	effect	model	with	Poisson	
errors,	sex	and	genetic	type	as	fixed	effects,	and	maternal	and	pater-












3.1 | Fish above the waterfall exhibit lower genetic 
diversity
Microsatellite	 loci	 showed	 an	 average	 of	 3,	 19	 and	 18	 alleles	 per	
loci	 in	RA,	RB	and	L,	respectively.	Genetic	diversity	was	extremely	








significantly	 from	 neutrality	 or	 from	 Hardy–Weinberg	 equilib-
rium	after	Bonferroni	correction	except	 for	STN32	 in	RB2012	and	
RB2013,	and	 for	STN75	 in	RA2009	and	RB2013	 (Table	S6).	A	 few	
locus	pairs	 in	RB2010,	RB2012,	RB2013	and	L2012	showed	geno-
typic	linkage	disequilibrium.	Loci	Gac7033,	STN32 and STN75 in RA 
and	 RB	 presented	 signs	 of	 homozygote	 excess	 and	 potential	 null	
alleles.	We	investigated	whether	the	problem	loci	Gac7033,	STN32 













combined	 revealed	 the	 same	 result	 (K	 =	 2;	 Figure	 1).	We	 refer	 to	
these	genetic	clusters	as	upstream	and	downstream	clusters.





0.9960),	 downstream	 population	 (Q = 0.0030–0.1994) and ad-
mixed	 individuals	 (Q	 =	 0.2156–0.6551).	 All	 fish	 sampled	 above	
the	waterfall	belonged	to	the	upstream	cluster:	no	fish	from	the	
downstream	 cluster	 and	 no	 admixed	 fish	were	 found	 above	 the	
waterfall.	Each	year,	between	5.2%	and	16.4%	(10.0%	±5.3	fish	on	
average	over	four	sampling	years)	of	fish	sampled	in	RB	belonged	























3.4 | Parasite pressure differs between sites, but 
migrants are not more severely infected
We	found	upstream	fish	in	RA	to	be	consistently	devoid	of	macro-
parasites,	 whereas	 fish	 in	 downstream	 sites	 RB	 and	 L	 harboured	
a	diverse	parasite	 community	with	 four	 species	of	 cestodes,	 four	
trematodes	and	 two	nematodes	 (Figures	2	and	S6,	Tables	S8	and	
S9).	 The	 RA	 site	 therefore	 clearly	 differed	 from	 the	 other	 sites	
(Figure	2a).	To	ensure	site	differences	were	not	exclusively	caused	
by	the	RA	site,	we	excluded	it	from	the	analysis.	The	Shannon	index	
was	 significantly	 affected	by	 site	 (LR	 test,	χ2
1
	 =	6.020,	p < 0.001; 









	 =	 2.491,	 p	 <	 0.001),	 as	 upstream	migrants	 had	
lower	 parasite	 diversity	 than	 downstream	 river	 residents	 (coef-
ficient	 =	 −0.355,	p	 =	 0.008;	 Figure	 2b).	 Admixed	 fish	 exhibited	 a	
similar	 level	of	parasite	diversity	to	downstream	residents	(coeffi-
cient	=	−0.049,	p	=	0.675).
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A	multivariate	 approach	 yielded	 similar	 results;	 we	 found	 sig-
nificant	effects	of	site	(manyGLM,	Wald	=	9.559,	df	=	1,	p = 0.001) 






3.5 | Upstream fish are more susceptible to 
experimental infections with two parasites
Laboratory‐bred	upstream	fish	were	more	susceptible	 than	down-
















p	 =	 0.007;	 Figure	 3b).	Worms	 infecting	 RA	 fish	 grew	 on	 average	
one	 and	 a	 half	 time	 bigger	 than	 those	 infecting	 L	 fish	 (112.6	mg,	
range	 =	 62.6–176.7;	 95.0	 mg,	 range	 =	 40.9–147.6;	 ANOVA,	
F1,46	=	16.003,	p	<	0.001;	Figure	3c).





F I G U R E  2   Individual	Shannon	index	for	the	different	genotypes	found	in	the	field	(a)	across	four	survey	years	(2009,	2010,	2012	and	
2013) and (b) over all years. The x‐axis	designates	the	site	(RA,	RB	or	L),	the	genetic	cluster	(upstream,	downstream	or	admixed)	and	the	
migration	status	(migrant	or	resident)	of	the	genotype	(see	Table	S2	for	sample	sizes).	Means	with	error	bars	(±95%	CI)
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Fish	 condition	 and	 relative	 organ	 weights	 differed	 between	
sites	 (LR	 tests	 for	 body	 condition:	 χ2
2




	 =	0.201,	p < 0.001; spleen: χ2
2





to	 be	 heavier	 (both	 relative	 to	 their	 length	 and	 in	 absolute	 val-
ues;	 coefficient	 =	 4.628e−02,	 p	 <	 0.001),	 have	 slightly	 smaller	 liv-
ers	 (coefficient	 =	 −0.079,	 p	 <	 0.001),	 substantially	 smaller	 spleens	
(coefficient	 =	−0.473,	p	 <	 0.001),	 and	 slightly	 smaller	 head	 kidneys	
(coefficient	=	−0.109,	p	=	0.002)	than	fish	below	the	waterfall	and	in	
the	lake.























3.7 | Migrants are not in worse condition
Genotype	 effects	 on	 condition	were	 neither	 strong	 nor	 consist-
ent	 in	 the	 field	 survey	 (LR	 tests	 for	 body	 condition:	χ2
3
	 =	 0.012,	
p = 0.085; liver: χ2
3






to	 RB	 did	 not	 seem	 to	 worsen	 fish	 condition.	 On	 the	 energetic	
measures	 (body	 and	 liver	weight),	 upstream	migrants	 resembled	























occurs	 rarely.	 This	 low	 rate	 of	 admixture	 and	 the	maintenance	 of	
genetic	differentiation	over	time	contrast	with	other	river–lake	con-
tact	zones	(Berner,	Grandchamp,	&	Hendry,	2009;	Hanson,	Moore,	
Taylor,	Barrett,	&	Hendry,	2016).	 Instead,	the	 level	of	admixture	 is	


























Koehler,	Martin,	&	 Poulin,	 2013),	 and	 physical	 barriers	 like	water-




All	 macroparasite	 species	 detected	 were	 freshwater	 parasites	

















(Lindström,	 Foufopoulos,	 Pärn,	 &	 Wikelski,	 2004;	 Lochmiller	 &	
Deerenberg,	2000).	Fish	above	the	waterfall	did	have	higher	body	
condition,	 investing	more	 in	 growth	 (bigger	 size)	 than	 in	 fatty	 re-








In	 light	 of	 this	 result,	 we	 used	 experimental	 infections	 to	 de-
termine	 whether	 the	 absence	 of	 macroparasites	 in	 the	 upstream	
site	was	 due	 to	 reduced	 exposure	 or	 higher	 resistance.	 First‐gen-
eration,	laboratory‐bred	upstream	fish	were	more	susceptible	than	
lake	fish	to	both	D. pseudospathaceum and S. solidus	infections.	And	
they	were	 less	 able	 to	 control	parasite	growth,	harbouring	 signifi-
cantly	larger	S. solidus	parasites.	These	results	show	that	upstream	
fish	 are	 devoid	 of	macroparasites	 because	 they	 experience	 a	 low	
infection	 risk,	not	because	 they	are	more	 resistant.	This	 is	 consis-








limit	 genetic	 flow,	 alone	 or	 in	 combination	 with	 other	 ecological	
and	 genetic	 factors.	 For	 instance,	 the	 diversity	 of	 immune	 genes,	




between	 migrants	 and	 residents	 in	 the	 downstream	 environment	
(Eizaguirre	et	al.,	2011).
Upstream	fish	were	more	susceptible	to	laboratory	infections,	
but	 putative	migrants	 did	 not	 accumulate	more	 parasites	 in	 the	
field.	 The	 simplest	 explanation	 for	 this	 discordant	 result	 is	 that	
migrants	 spent	 at	 least	 part	 of	 their	 life	 in	 a	macroparasite‐free	
environment.	Although	we	do	not	know	when	fish	migrated	from	
above	 to	 below	 the	 waterfall,	 these	 migrants	 still	 likely	 had	 a	
lower	 cumulative	 exposure	 to	 parasites	 than	 residents,	 because	
even	 from	 a	 young	 age,	 sticklebacks	 prey	 on	 the	 small	 inverte-
brates	 that	 transmit	macroparasites	 (Christen	 &	Milinski,	 2005).	
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Another	 explanation	 could	 be	 elevated	 mortality	 of	 the	 more	




enlarged	 spleens	 of	 laboratory‐infected,	 upstream	 fish	 hint	 that	
their	 immune	 response	may	 be	more	 aggressive,	 yet	 less	 effec-
tive,	 potentially	 contributing	 to	 mortality.	 Finally,	 upstream	 mi-
grants	may	use	 the	habitat	 differently	 than	 residents.	 They	may	








natural,	 unidirectional	migration	 from	 a	 low‐	 to	 a	 high‐parasitized	
habitat.	We	identified	for	the	first	time	a	stickleback	river	popula-
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